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Abstract
We consider D-particles coupled to the CGHS dilaton gravity and obtain the
exact wormhole geometry and trajectories of D-particles by introducing the
exotic matter. The initial static wormhole background is not stable after in-
falling D-particles due to the classical backreaction of the geometry so that the
additional exotic matter source should be introduced for the stability. Then,
the traversable wormhole geometry naturally appears and the D-particles can
travel through it safely. Finally, we discuss the dynamical evolution of the
wormhole throat and the massless limit of D-particles.
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I. INTRODUCTION
Motivated by a funny fiction, Morris and Thorne [1] have studied the possibility of
wormholes and suggested some necessary properties for traversable wormholes. They pointed
out that in order to construct a Lorentzian wormhole, the exotic matter is required, which is
defined as the matter violating the Weak Energy Condition (WEC) [2]. It has been defined
by the matter violating the Null Energy Condition (NEC) and it is claimed that its amount
is related to the Averaged Null Energy Condition (ANEC) [3].
As a toy model, based on the Callan-Giddings-Harvey-Strominger(CGHS) dilaton grav-
ity model [4], exactly soluble two-dimensional wormholes solutions are obtained [5] by adding
ghost fields which are nothing but the exotic matter source. On the other hand, the N -body
self-gravitating system in the Jackiw-Teitelboim (JT) model [6] which has the constant cur-
vature scalar has been studied and the closed solutions are obtained for the massive particles
[7]. This exactness without approximations may be useful in studying some nonperturbative
physics. Recently, self-gravitating N -body motion described by a slightly modified particle
action was exactly solved for the asymptotically flat spacetime by using the CGHS model
[8].
In this paper, as a natural extension, we would like to study an interesting soluble
wormhole model which is defined by D-particles coupled to the CGHS dilaton gravity, where
the kinetic term of the usual scalar fields has a wrong sign to incorporate the exotic matter in
our starting action. In fact, the D-branes as nonperturbative objects as RR charge carriers
[9] have been extensively studied in the string duality [10]. In the present study, however, the
D0-branes coupled to the gravity are considered purely in order for the exact solubility of the
geometry and the trajectories of particles aiming to see how the particles as a matter behave
as time goes on and affect the geometry. The initial static wormhole geometry is deformed
by the infalling D-particles so that the additional exotic source should be considered to
maintain the wormhole geometry at the latest time, which is in fact due to the classical
back reaction of the geometry after infalling D-particles.
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In Sec. II, we shall define our model as D-particles coupled to the dilaton gravity described
by the CGHS like model, where the action for the D-particles is written by introducing
einbeins. Then, we shall show in Sec. III that the wormhole will be unstable after particles
pass through it due to the back reaction of the geometry. In order to maintain the wormhole
structure, the additional exotic source will be added to the original source in Sec. IV, so the
wormhole will be stabilized within some constraints. Finally, summary and discussions are
given in Sec. V.
II. ACTION AND ENERGY-MOMENTUM TENSORS
We start with D-particles coupled to the two-dimensional dilaton gravity [4] with a
conformal scalar ghost written by
S = SDG + Sg + SD, (2.1a)
SDG =
1
2pi
∫
d2x
√−ge−2φ [R + 4(∇φ)2 + 4λ2] , (2.1b)
Sg =
1
2pi
∫
d2x
√−g
[
1
2
(∇f)2
]
, (2.1c)
SD = −
N∑
a=1
∫
d2x
∫
dτaδ
2(x− za(τa))mae−φ(x)
√
−gµν(x)dz
µ
a
dτa
dzνa
dτa
, (2.1d)
where gµν and φ are the metric and the dilaton field, and λ
2 is a cosmological constant.
The scalar ghost f with the negative kinetic sign is necessary to construct wormholes. Note
that ea, za, and ma are the einbeins, the particle coordinates, and mass for the N -particles,
respectively. The Born-Infeld type action [11] for D-particles can be written by an alternative
form in terms of the einbein variables,
SD =
1
2
N∑
a=1
∫
d2x
∫
dτaδ
2(x− za(τa))ea(τa)
[
e−2a (τa)gµν(x)
dzµa
dτa
dzνa
dτa
−m2ae−2φ(x)
]
, (2.2)
for the massless limit in later. Compared with the conventional massive particles, the mass
term is effectively interpreted as the dilaton-dependent mass term.
From the action (2.1) and (2.2), the equations of motion for the metric, dilaton, ghost
field, einbein, and the coordinates are given by
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2e−2φ
[∇µ∇νφ− gµν (✷φ − (∇φ)2 + λ2)] = T gµν + TDµν , (2.3a)
e−2φ
[
R− 4(∇φ)2 + 4✷φ+ 4λ2]− pi√−g
∑
a
∫
dτaδ
2(x− za)eam2ae−2φ = 0, (2.3b)
✷f = 0, (2.3c)
e−2a gµν(za)
dzµa
dτa
dzνa
dτa
+m2ae
−2φ(za) = 0, (2.3d)
and
gµν(za)
d
dτa
(
e−1a
dzνa
dτa
)
+ Γµαβ(za)e
−1
a
dzαa
dτa
dzβa
dτa
−m2aeae−2φ(za)
∂φ
∂zµa
= 0, (2.3e)
respectively, where the energy-momentum tensors due to the ghost field and the point masses
are written as
T gµν = −
1
2
(
∇µf∇νf − 1
2
gµν(∇f)2
)
, (2.4a)
TDµν =
pi√−g
∑
a
∫
dτaδ
2(x− za)e−1a gµαgνβ
dzαa
dτa
dzβa
dτa
, (2.4b)
and einbein equation of motion (2.3d) was used to eliminate the particle mass term. Then,
combining Eqs. (2.3a) and (2.3b) yields the following useful relation,
e−2φ [R + 2✷φ] =
pi√−g
∑
a
∫
dτaδ
2(x− za)ea
[
e−2a gµν
dzµa
dτa
dzνa
dτa
+m2ae
−2φ
]
= 0, (2.5)
which nicely vanishes by using the einbein equations of motion (2.3d) and it is crucial to
obtain the exact geometry and particle trajectories without any approximations.
In the conformal gauge defined by g+− = −(1/2)e2ρ, g−− = g++ = 0, where x± =
(x0 ± x1), the above equations of motion (2.3) are written as
2e−2φ
[
2∂+φ∂−φ− ∂+∂−φ+ 1
2
λ2e2ρ
]
= T g+− + T
D
+−, (2.6)
8e−2(ρ+φ)
[
∂+∂−ρ+2∂+φ∂−φ−2∂+∂−φ+1
2
λ2e2ρ
]
−2pie−2ρ
∑
a
∫
dτaδ
2(x−za)eam2ae−2φ=0, (2.7)
e−2ρ∂+∂−f = 0, (2.8)
e−2a e
2ρ(za)
dz+a
dτa
dz−a
dτa
−m2ae−2φ(za) = 0, (2.9)
d
dτa
(
e−1a
dz±a
dτa
)
+ 2e−1a
∂ρ(za)
∂z±a
dz±a
dτa
dz±a
dτa
+ 2m2aeae
−2(ρ+φ)(za)
∂φ
∂z∓a
= 0, (2.10)
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with the constraint equations,
2e−2φ [∂±∂±φ− 2∂±ρ∂±φ] = T g±± + TD±±, (2.11)
and the energy-momentum tensors (2.4a) are T g±± = −(1/2)∂±f∂±f and T g+− = 0. The
source of D-particles is written as
TD±± = 2pie
−2ρ
∑
a
∫
dτaδ
2(x− za)e−1a
e4ρ
4
dz∓a
dτa
dz∓a
dτa
, (2.12a)
TD+− = 2pie
−2ρ
∑
a
∫
dτaδ
2(x− za)e−1a
e4ρ
4
dz+a
dτa
dz−a
dτa
. (2.12b)
Note that Eq. (2.12b) shows that the particle source is not conformal while it vanishes with
the help of Eq. (2.9) for the massless case. The key ingredient of the exact solubility is
due to Eq. (2.5) written as in the conformal gauge ∂+∂−(ρ− φ) = 0, and then the residual
symmetry can be fixed by choosing ρ = φ called Kruskal gauge.
For the sake of convenience, we now reparametrize as maeadτa = dλa for the interesting
massive case. The massless limit for D-particles will be discussed in the final section briefly.
From Eqs. (2.9) and (2.10), after some tedious calculations [8], we get the following first
order differential equations,
dz±a
dλa
= A(±)a e
−2ρ(za), (2.13)
where A
(±)
a are integration constants which satisfy A
(+)
a A
(−)
a −1 = 0, and we choose A(±)a > 0
in order to make z±a be increasing functions with respect to λa. Combining two equations
of (2.13), we obtain the trajectories of the particles,
z+a = (A
(+)
a )
2
(
z−a +Ba
)
, (2.14)
where Ba is an integration constant. The trajectories of the particles are given as straight
lines in our coordinates similar to the massless source in the CGHS model.
Using Eqs. (2.13) and (2.14), the energy-momentum tensors of the point particles (2.12)
in the Kruskal gauge can be obtained as
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TD++ =
pi
2
∑
a
ma
A3a
δ
(
x+
A2a
− x− −Ba
)
, (2.15a)
TD−− =
pi
2
∑
a
maAaδ
(
x+
A2a
− x− −Ba
)
, (2.15b)
TD+− =
pi
2
∑
a
ma
Aa
δ
(
x+
A2a
− x− −Ba
)
, (2.15c)
where we renamed A
(+)
a to Aa and A
(−)
a = A−1a . At first sight, it seems for the energy-
momentum tensors to vanish for the massless limit; however, this is not the case since we
have already assumed the massive case when we reparametrize the proper time. On the
other hand, the solution of the ghost field is f = f+(x
+) + f−(x
−) from Eq. (2.8).
III. WORMHOLE AND INFALLING D-PARTICLES
In this section, we shall obtain the wormhole geometry with the infalling D-particles by
assuming the exotic energy-momentum densities as T g±± = −λ2 (f =
√
2λ(x+− x−)), which
is a special choice to get an exact wormhole geometry. Then, integrating Eq. (2.6) with the
energy-momentum tensor (2.15c), we obtain the metric solution,
e−2ρ=a+(x
+)+a−(x
−)−λ2x+x−−pi
2
∑
a
maAa
(
x+
A2a
−x−−Ba
)
θ
(
x+
A2a
−x−−Ba
)
, (3.1)
where a±(x
±) are integration functions determined by the constraints (2.11) as
∂±∂±a±(x
±) = λ2. Integrating it, the following metric solution is given by
e−2ρ=D+C+x
++C−x
−+
1
2
λ2
(
x+−x−)2−pi
2
∑
a
maAa
(
x+
A2a
−x−−Ba
)
θ
(
x+
A2a
−x−−Ba
)
, (3.2)
where C+, C−, and D are integration constants.
Next, we impose a boundary condition to make a wormhole at the region of x± → −∞
where there are no infalling particles by requiring the horizon coincidence condition as
∂+e
−2ρ = ∂−e
−2ρ = 0. The future and the past horizons are explicitly obtained as
0 = C+ + λ
2
(
x+ − x−)− pi
2
∑
a
ma
Aa
θ
(
x+
A2a
− x− −Ba
)
, (3.3a)
0 = C− − λ2
(
x+ − x−)+ pi
2
∑
a
maAaθ
(
x+
A2a
− x− −Ba
)
, (3.3b)
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FIG. 1. This is a diagram of two-particle case; one starts from our universe (I), the other from
the other universe(II). The solid lines denote the particle trajectories, the dotted lines are the
horizons, and the shaded regions represent the future trapped regions.
respectively. So, the static wormhole condition of x+ = x− is applied to Eq. (3.3) at the
region of x± → −∞, then we can fix C± and D,
C+ =
pi
2
II∑
a
ma
Aa
, C− = −pi
2
II∑
a
maAa, and D =
M
λ
− pi
2
II∑
a
maAaBa, (3.4)
where we labeled
∑
a =
∑I
a+
∑II
a , and
∑I
a =
∑
a∈UI
denotes the sum over all the
particles starting from our universe while
∑II
a =
∑
a∈UII
means the sum over all the
particles starting from the other universe, i.e., UI = {a|A2a < 1 or A2a = 1, Ba > 0} and
UII = {a|A2a > 1 or A2a = 1, Ba < 0}. A diagram of two-body case is shown in Fig. 1;
one particle is included in UI and the other is in UII . As a result, by using the identity,
1− θ(x) = θ(−x), the metric solution is represented as
e−2ρ =
M
λ
+
1
2
λ2
(
x+ − x−)2 − pi
2
I∑
a
maAa
(
x+
A2a
− x− − Ba
)
θ
(
x+
A2a
− x− − Ba
)
−pi
2
II∑
a
maAa
(
x− − x
+
A2a
+Ba
)
θ
(
x− − x
+
A2a
+Ba
)
, (3.5)
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which becomes static wormhole solution [5], e−2ρ =M/λ + (1/2) (x+ − x−)2 for N = 0.
Now, we obtain the horizon curves from the metric solution (3.5),
0 = λ2
(
x+ − x−)− pi
2
I∑
a
ma
Aa
θ
(
x+
A2a
− x− − Ba
)
+
pi
2
II∑
a
ma
Aa
θ
(
x− − x
+
A2a
+Ba
)
, (3.6a)
0 = λ2
(
x+−x−)−pi
2
I∑
a
maAaθ
(
x+
A2a
− x−− Ba
)
+
pi
2
II∑
a
maAaθ
(
x−− x
+
A2a
+Ba
)
. (3.6b)
The mass (ma) dependent terms eventually vanish at the asymptotic region of x
± → −∞,
and the past and future horizons are coincident because of our boundary condition; however,
both horizons are shifted by the infalling particles in our model whereas only the future(past)
horizon is shifted for the lightlike infalling from universe I(II). It can be easily seen from the
horizon equation (3.6) by simply setting N = 1. As an illustration in Fig. 1, a particle from
our universe shifts both horizons to the right where the future horizon is further shifted than
the past horizon and the particle from the other universe shifts both horizons to the left, in
this case, the past horizon is further shifted than the future horizon. Therefore, the more
particles pass through the wormhole, the wider the gap between horizons is.
IV. STABILITY OF THE WORMHOLE AND D-PARTICLE TRAJECTORIES
We have mentioned that the degenerate horizons in the far past are split after particles
passed through the wormhole. Thus, it is necessary to improve the exotic energy momentum
tensor in order to maintain the wormhole structure even after all particles passed. To do this,
the original background exotic(ghost) energy is corrected by T˜ g±± = T
g
±± +∆T
g
±± such that
the added term is ∆T g±± = λ
2β±
[
θ
(
x± − x±1
)− θ (x± − x±0 )] and |β±| < 1 are proportional
constants, and x±0 and x
±
1 satisfying x
±
0 < x
±
1 are the coordinates where the additional field
is turned on and off. Then, a general metric solution is obtained as
e−2ρ=D+C+x
++C−x
−+
1
2
λ2
(
x+−x−)2−pi
2
∑
a
maAa
(
x+
A2a
−x−−Ba
)
θ
(
x+
A2a
−x−−Ba
)
+
1
2
β+λ
2
[(
x+ − x+0
)2
θ
(
x+ − x+0
)− (x+ − x+1 )2 θ (x+ − x+1 )]
+
1
2
β−λ
2
[(
x− − x−0
)2
θ
(
x− − x−0
)− (x− − x−1 )2 θ (x− − x−1 )] , (4.1)
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where C+, C−, and D are integration constants. From the condition of ∂+e
−2ρ = ∂−e
−2ρ = 0,
the future and the past horizon are given as
0 = C+ + λ
2
(
x+ − x−)− pi
2
∑
a
ma
Aa
θ
(
x+
A2a
− x− − Ba
)
+β+λ
2
[(
x+ − x+0
)
θ
(
x+ − x+0
)− (x+ − x+1 ) θ (x+ − x+1 )] , (4.2a)
0 = C− − λ2
(
x+ − x−)+ pi
2
∑
a
maAaθ
(
x+
A2a
− x− − Ba
)
+β−λ
2
[(
x− − x−0
)
θ
(
x− − x−0
)− (x− − x−1 ) θ (x− − x−1 )] , (4.2b)
respectively.
Requiring the static wormhole boundary condition that the horizons (4.2) be coincident
along with the line x+ = x− at x± → −∞, the same constants C± and D with the previous
Eq. (3.4) are derived. Next, requiring the same boundary condition at the asymptotic region,
x± → +∞ yields the following relations,
β+ =
pi
2λ2
(
x+1 − x+0
)
(
I′∑
a
ma
Aa
−
II′∑
a
ma
Aa
)
, (4.3a)
β− =
pi
2λ2
(
x−1 − x−0
)
(
−
I′∑
a
maAa +
II′∑
a
maAa
)
, (4.3b)
where
∑I′
a denotes the sum over all non-static particles starting from our universe and∑II′
a denotes the sum over all non-static particles starting from the other universe, i.e.,
UI′ = {a|A2a < 1} and UII′ = {a|A2a > 1}, where “non-static” means dz+i /dz−i = A2i 6= 1.
Note that the static cases represented by Aa = 1 and Ba < 0 or Ba > 0 are canceled out
in deriving these relations from Eqs. (4.2), which means that only the traveling particles
contribute to the shift of the horizon, and consequently, the correction to the exotic energy
density is necessary for these non-static infalling cases.
For example, let us consider a single traveling particle(N = 1) starting from our universe,
then Eqs. (4.3) read β+ > 0 and β− < 0, which implies the left-handed(right-handed)
correction term ∆T g++ (∆T
g
−−) should be negative(positive) to recover the horizon shifts,
and the additional densities are explicitly ∆T g++ = −(pim1)/(2A1(x+1 − x+0 )) and ∆T g−− =
+(pim1A1)/(2(x
−
1 − x−0 )) in the finite interval x±0 < x± < x±1 . The left-handed additional
9
FIG. 2. This is a diagram of two-particle case; one starts from our universe (I), the other from
the other universe(II), and the additional fields are turned on and off at x±0 and x
±
1 . The thick solid
lines denote the particle trajectories, the dotted lines show the horizons, and the shaded regions
are the past trapped regions.
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energy-momentum is larger than that of the right-handed one for x+1 = x
−
1 and x
+
0 = x
−
0
since the future horizon is further right-shifted than the past horizon due to the traveling
particle starting from our universe as in Fig. 1. Note that the right-handed source is positive
since the past horizon was shifted right.
As a result, the metric solution is given by
e−2ρ =
M
λ
+
1
2
λ2
(
x+ − x−)2 − pi
2
I∑
a
maAa
(
x+
A2a
− x− − Ba
)
θ
(
x+
A2a
− x− −Ba
)
−pi
2
II∑
a
maAa
(
x− − x
+
A2a
+Ba
)
θ
(
x− − x
+
A2a
+Ba
)
+
pi
(∑I′
ama−
∑II′
a ma
)
4λ2Aa
(
x+1 − x+0
) [(x+−x+0 )2 θ(x+−x+0 )−(x+−x+1 )2 θ(x+−x+1 )]
+
pi
(
−∑I′amaAa+∑II′a maAa)
4λ2
(
x−1 − x−0
) [(x−−x−0 )2 θ(x−−x−0 )−(x−−x−1 )2 θ(x−−x−1 )], (4.4)
which becomes again a stable wormhole solution, e−2ρ = M ′/λ + (1/2) (x+ − x−)2 at the
region of x± → +∞, where M ′/λ = M/λ + (pi/2)∑I′a maAaBa − (pi/2)∑II′a maAaBa −(
pi
(
x+0 + x
+
1
)
/4
) (∑I′
a ma/Aa −
∑II′
a ma/Aa
)
−(
pi
(
x−0 + x
−
1
)
/4
) (−∑I′a maAa +∑II′a maAa) while it becomes e−2ρ = M/λ +
(1/2) (x+ − x−)2 at the asymptotic region of x± → −∞. Considering the one-particle case
from our universe (A21 < 1), the difference of M between the latest time and the initial time
corresponding to the throat change is ∆M/λ = (pim1/2)
[
A1B1 − ((x0 + x1)/2)A−11 (1−A21)
]
for x+0 = x
−
0 = x0 and x
+
1 = x
−
1 = x1. The throat is unchanged, ∆M = 0 especially for
(2A21B1)/(1− A21) = x0 + x1.
We now obtain the i-th particle trajectory in terms of the parameter λi by substituting
Eq. (4.4) into Eq. (2.13),
dz+i
dλi
=


σi − κiz+i , for γ2i = 0
1
2
λ2Ai
[
γ−2i
(
γ2i z
+
i − ζi
)2
+ ξ2i
]
, for γ2i 6= 0
, (4.5)
where γ2i = [(1−A2i )/A2i ]2+β+θ
(
z+i − x+0
)−β+θ (z+i − x+1 )+β−A−4i θ (z+i /A2i −Bi − x−0 )−
β−A
−4
i θ
(
z+i /A
2
i −Bi − x−1
)
, and σi, κi, ζi, and ξ
2
i are defined by
11
σi =
1
2
λ2Ai
[
2M
λ3
+B2i +
pi
λ2
I∑
a
maAa (Ba −Bi) θ
(
z+i
(
1
A2a
− 1
A2i
)
− (Ba − Bi)
)
+
pi
λ2
II∑
a
maAa (Bi − Ba) θ
(
z+i
(
1
A2i
− 1
A2a
)
− (Bi −Ba)
)
+β+
(
x+0
)2
θ
(
z+i − x+0
)− β+ (x+1 )2 θ (z+i − x+1 )
+β−
(
Bi + x
−
0
)2
θ
(
z+i
A2i
− Bi − x−0
)
− β−
(
Bi + x
−
1
)2
θ
(
z+i
A2i
− Bi − x−1
)]
,
κi = λ
2Ai
[
(1−A2i )Bi
A2i
+
pi
2λ2
I∑
a
maAa
(
1
A2a
− 1
A2i
)
θ
(
z+i
(
1
A2a
− 1
A2i
)
− (Ba − Bi)
)
+
pi
2λ2
II∑
a
maAa
(
1
A2i
− 1
A2a
)
θ
(
z+i
(
1
A2i
− 1
A2a
)
− (Bi −Ba)
)
+β+x
+
0 θ
(
z+i − x+0
)− β+x+1 θ (z+i − x+1 )
+β−
Bi + x
−
0
A2i
θ
(
z+i
A2i
−Bi − x−0
)
− β−Bi + x
−
1
A2i
θ
(
z+i
A2i
−Bi − x−1
)]
,
ζi = κi/λ
2Ai, and ξ
2
i = 2σi/λ
2Ai − γ−2i ζ2i . Before getting solutions from the above two-
differential equations in Eq. (4.5), we want to divide the worldline of the i-th particle into
some segments intersected by worldlines of other particles. Then, γ2i , σi, κi, ζi and ξ
2
i can
be considered as constants in each segment and they are represented by γ
(r)
i
2
, σ
(r)
i , κ
(r)
i ,
ζ
(r)
i , and ξ
(r)
i
2
, where r is an index for the segments. (i) For the case of γ
(r)
i
2
= 0 = κ
(r)
i ,
the solution is easily obtained as z+i = σ
(r)
i
(
λi − Λ(r)i
)
, where Λ
(r)
i is an integration con-
stant which can be fixed by the continuity with neighbor segments and it is of relevance to
choose the origin of the parameter. The solution of z−i is easily obtained from Eq. (2.14).
Note that this solution is adequate only if σ
(r)
i > 0, because we assumed that zi is an
increasing function with respect to λi. (ii) For the case of γ
(r)
i
2
= 0 and κ
(r)
i > 0, substi-
tuting σ
(r)
i − κ(r)i z+i = η(r)i
−1
into Eq. (4.5), we get dz+i /dλi = κ
(r)
i
−1
η
(r)
i
−2
dη
(r)
i /dλi = η
(r)
i
−1
.
Thus, we obtain the particle motion, z+i = σ
(r)
i /κ
(r)
i − κ(r)i
−1
exp
[
−κ(r)i
(
λi − Λ(r)i
)]
. Note
that this solution is valid for −∞ < z+i < σ(r)i /κ(r)i . (iii) For the case of γ(r)i
2
= 0 and
κ
(r)
i < 0, the solution is the same with the case of (ii), but the valid region is different
from that of (ii), σ
(r)
i /κ
(r)
i < z
+
i < +∞. (iv) For the case of γ(r)i
2
> 0 (γ
(r)
i > 0) and
12
FIG. 3. Two particle trajectories which are continuous at each segment
ξ
(r)
i
2
> 0 (ξ
(r)
i > 0), substituting γ
(r)
i
2
z+i − ζ (r)i = γ(r)i ξ(r)i tan η(r)i into Eq. (4.5), we get
z+i = ζ
(r)
i /γ
(r)
i
2
+ (ξ
(r)
i /γ
(r)
i ) tan
[
(1/2)λ2Aiγ
(r)
i ξ
(r)
i
(
λi − Λ(r)i
)]
with the valid region, −∞ <
z+i < +∞. The other cases are similarly obtained, (v) for the case of γ(r)i
2
> 0 (γ
(r)
i > 0) and
ξ
(r)
i
2
= 0 (ξ
(r)
i > 0), the geodesic equation yields z
+
i = ζ
(r)
i /γ
(r)
i
2 − 2/λ2Aiγ(r)i
2
(
λi − Λ(r)i
)
.
Note that this solution is well-defined everywhere except at the point z+i = ζ
(r)
i /γ
(r)
i
2
.
(vi) For the case of γ
(r)
i
2
> 0 (γ
(r)
i > 0) and ξ
(r)
i
2
= − ˜ξ(r)i
2
< 0 (ξ˜
(r)
i > 0), the solu-
tion is given as z+i = ζ
(r)
i /γ
(r)
i
2
+ (ξ˜
(r)
i /γ
(r)
i ) coth
[
−(1/2)λ2Aiγ(r)i ξ˜(r)i
(
λi − Λ(r)i
)]
with the
valid ranges, −∞ < z+i < ζ (r)i /γ(r)i
2 − ξ˜(r)i /γ(r)i and ζ (r)i /γ(r)i
2
+ ξ˜
(r)
i /γ
(r)
i < z
+
i < +∞.
Finally, (vii) for the case of γ
(r)
i
2
= − ˜γ(r)i
2
< 0 (γ˜
(r)
i > 0) and ξ
(r)
i
2
> 0 (ξ
(r)
i > 0),
the solution is z+i = −ζ (r)i / ˜γ(r)i
2
+ (ξ
(r)
i /γ˜
(r)
i ) tanh
[
(1/2)λ2Aiγ˜
(r)
i ξ
(r)
i
(
λi − Λ(r)i
)]
with the
valid range, −ζ (r)i ˜γ(r)i
2
− ξ(r)i /γ˜(r)i < z+i < −ζ (r)i / ˜γ(r)i
2
+ ξ
(r)
i /γ˜
(r)
i . As an illustration,
we show the geodesic in Fig. 3 simply for the two-particle case by assuming the con-
stants as m1 = m2 = M = λ = 1, A
2
1 = 1/2, A
2
2 = 2, B1 = −2, B2 = 1,
x±0 = −10, and x±1 = −5. Then, the proportional constants are β± =
√
2pi/20, and
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γ21 = 1 + (
√
2pi/20)
[
θ(z+1 + 10)− θ(z+1 + 5) + 4θ(z+1 + 6)− 4θ(z+1 + 7/2)
]
, γ22 = 1/4 +
(
√
2pi/20)
[
θ(z+2 + 10)− θ(z+2 + 5) + (1/4)θ(z+2 + 18)− (1/4)θ(z+2 + 8)
]
. The intersecting
point between the two-particle worldlines is z+ = −2. Fig. 3 shows the particle trajectories
with respect to the parameter λ. The segments in the particle trajectories are composed of
the six segments in each trajectory.
V. DISCUSSION
We studied the soluble D-particle model coupled to the dilaton gravity in 1+1 dimensions
in terms of the well-known CGHS model, and especially payed attention to the traversable
wormhole construction and its stability. The D-particles can travel from our universe to
the other universe with the help of the appropriately corrected exotic matter such that the
wormhole geometries appear at both asymptotic regions.
Generically, the coupling term in front of the particle action (2.1d) may be written as
eαφ(x), where α is a constant, then the conventional massive particle action is described for
the case of α = 0, while the D-particle case does for α = 1 as an open string coupling which
has been our model. Unfortunately, for the former case, we still do not know how to solve
the model exactly; however, the latter case is exactly solved and is still interesting in its
own right and we hope it gives some insights to the other physical models.
On the other hand, the wormhole throat is defined by the minimum (radius) of e−2ρ
in our model which is regarded as a radial coordinate similar to the higher-dimensional
analogue. One can easily find the throat from 0 = ∂1e
−2ρ(x0,x1) = 4λ2x1− (pi/2)∑Iama(Aa+
A−1a )θ((A
−2
a − 1)x0 + (A−2a + 1)x1 − Ba) + (pi/2)
∑II
a ma(Aa + A
−1
a )θ((1 − A−2a )x0 − (1 +
A−2a )x
1 + Ba) + β+λ
2[(x0 + x1 − x+0 )θ(x0 + x1 − x+0 ) − (x0 + x1 − x+1 )θ(x0 + x1 − x+1 )] −
β−λ
2[(x0 − x1 − x−0 )θ(x0 − x1 − x−0 )− (x0 − x1 − x−1 )θ(x0 − x1 − x−1 )]. In a static wormhole
state corresponding to N = 0 with β± = 0, the throat radius is constant, which is seen
from e−2ρ(x
1=0) =M/λ. However, in the dynamical unstable case such as simply N = 1 and
β± = 0, it is given by e
−2ρ(x1=x1
throat
) = M/λ − (pi/4)(3x0 + 25pi/32λ2)θ(3x0 + 25pi/16λ2),
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where we put A1 = 1/2, B1 = 0 for simplicity, so that the throat radius is suddenly grown
up when the particle passes through it, then it will eventually be shrunk to zero and the
wormhole disappears. Thus we required β± 6= 0, in order to stabilize the wormhole if N 6= 0.
Although it has not been explicitly shown in this paper, we have considered the massless
case with a reparametrization, eadτa = dλa. In this case, the particles become light-like and
conformal, which is easily seen by substituting ma = 0 into Eq. (2.2), and then they are
independent of the dilaton coupling. And this model can be also exactly solved, which gives
similar features. As we pointed out that the massive particles break the residual conformal
symmetry in the equation, ∂+∂−(ρ− φ) = 0 and the model can not be solved in this frame,
however, in our D-particle model the symmetry is naturally maintained by the dilaton
coupling. The energy-momentum tensors for the massless limit are interestingly written as
a delta-functional type, TD++ = (pi/2)
∑I′
a Aaδ(x
+ − z+a ), TD−− = (pi/2)
∑II′
a A
−1
a δ(x
− − z−a ),
and TD+− = 0, which appeared in the CGHS model.
The final comment to be mentioned is that the integration constants of Eq. (3.4) are
determined by the infalling energy-momenta. Note that we just introduced the constant
M in the constant D, which seems to be of no relevance to the infalling energy. In fact,
the parameter M characterizes the throat of the static wormhole since we have assumed
the static wormhole as an initial background geometry, otherwise one should consider the
collapsing normal matter which produces the constant M from the Minkowski spacetime.
Therefore, it should be related to the infalling energy to make the wormhole geometry. In
our analysis, since we introduced the static wormhole as a background, the parameter just
describes the throat of the static wormhole before infalling D-particles.
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